1. Introduction {#sec1}
===============

Recently, it has being gotten harder and harder to perform animal experiments for the evaluation of biological mechanism, drug effect, and drug toxicology because of ethical issues \[[@bib1],[@bib2]\]. For example, animal experiments for the cosmetic research and development have been prohibited since 2013 in Europe \[[@bib3],[@bib4]\]. Based on this situation, animal-free experiments have been carried out extensively. As alternative animal models, some cell culture systems to mimic the *in vivo* environment have been developed \[[@bib5], [@bib6], [@bib7]\]. Among the systems, there are many research reports on three-dimensional (3D) cell culture, such as cell aggregates, spheroids, or organoids \[[@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. In the body tissue, cells 3D interact to each other, leading to an enhanced extracellular matrix production, cytokine secretion, metabolic activity, and proliferation or differentiation \[[@bib14], [@bib15], [@bib16], [@bib17]\]. Therefore, as one experimental trial, cell aggregates would be effective in mimicking the body system for the biological research or drug discovery \[[@bib18]\]. However, as the size of cell aggregates become large, oxygen or nutrients supplies into the cells present in cell aggregates are too poor to survive and maintain the biological activities of cells \[[@bib19],[@bib20]\]. In addition, it is also difficult to culture the cell aggregates for a long time period which is necessary for the *in vitro* performance of drug discovery. As one trial to tackle this issue, we have incorporated gelatin hydrogel microspheres (GM) into the cell aggregates because the oxygen and nutrients can be permeated through the water phase of GM for their supply to cells \[[@bib21]\]. Moreover, it has been demonstrated that the GM can controlled release growth factors (e.g. basic fibroblast growth factor, transforming growth factor-β (TGF-β), or platelet-derived growth factor) or drugs (e.g. a p53 inhibitor), which is effective in enhancing the cell viability and functions \[[@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31]\]. Based on these findings, it is experimentally confirmed that cell aggregates incorporating GM containing the growth factors or drugs are promising in drug screening or regenerative medicine \[[@bib11],[@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36]\].

Cancer invasion is one of the problems to be solved in cancer therapy because the cancer invasion leads to cancer metastasis, which often causes finally poor mortality rates \[[@bib37]\]. Recently, it has been demonstrated that cancer cells do not have a great ability in itself to promote the invasion and that stromal cells support their invasion \[[@bib31],[@bib38], [@bib39], [@bib40]\]. Among the stromal cells, cancer-associated fibroblasts (CAF) play major roles to promote the cancer invasion through the interaction with cancer cells \[[@bib41]\]. It is reported that the cancer invasion rate by co-cultured or existence with CAF is significantly higher than that of CAF-free culture *in vitro* or *in vivo* \[[@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47]\]. Although several factors are secreted by the interaction, matrix metalloproteinase (MMP) is essential for the cancer invasion because MMP has an ability to degrade the basement membrane \[[@bib41],[@bib48],[@bib49]\]. Based on the findings, it has been noted that the cancer invasion therapy to target CAF or the research of interaction between cancer cells and CAF would be effective \[[@bib31],[@bib41],[@bib50], [@bib51], [@bib52], [@bib53]\]. In addition, growth factors also have an important influence in promoting the cancer invasion while they are physiologically secreted from several cells of cancer cells, CAF, and endothelial cells. The previous study has revealed that CAF stimulated by TGF-β1 increase the cancer invasion rate in a population study \[[@bib54]\]. TGF-β1 is one of the important growth factors for interaction between cancer cells and CAF via MMP, leading to the cancer invasion as shown in [Fig. 1](#fig1){ref-type="fig"} \[[@bib54], [@bib55], [@bib56]\]. The objective of this study is to design a cancer invasion model where the cancer invasion rate can be regulating by changing the concentration of TGF-β1. To replicate the cancer invasion via CAF activation by TGF-β1, first, we prepared CAF aggregates incorporating GM capable of TGF-β1 controlled release. Then, alpha-smooth muscle actin (α-SMA) for the CAF aggregates was measured to investigate the CAF activation level by changing the concentration of TGF-β1. An invasion assay was performed to evaluate the cancer invasion rate by co-cultured of cancer cells with various CAF aggregates incorporating GM containing TGF-β1. We examined the effect of a MMP inhibition treatment on the secretion level of MMP and the cancer invasion rate.Fig. 1Characterization of cancer invasion by the cell culture system of interaction between cancer cells and CAF (A) TGF-β1 secreted from cancer cells, endothelial cells or CAF aggregates is able to stimulate or activate CAF aggregates (A higher α-SMA expression level for CAF) (B) Cancer cells and activated CAF sustainably interact to each other, leading to an accelerated MMP production. MMP could degrade the basement membrane, resulting in an enhanced cancer invasion.Fig. 1

2. Materials and methods {#sec2}
========================

2.1. Preparation of GM {#sec2.1}
----------------------

Gelatin hydrogel microspheres (GM) were prepared by the chemical crosslinking of gelatin in a water-in-oil emulsion state according to the method previously reported \[[@bib25]\]. Briefly, an aqueous solution (20 ml) of 10 wt % gelatin (isoelectric point 5.0, weight-averaged molecular weight = 100,000, Nitta Gelatin Inc., Osaka, Japan) was preheated at 40 °elatin hydrogel microspheres (GM) were prepared by the chemical crosslinking of gelatin in a water-in-oil emulsion state according to the method previously reported \[[@bib25]\]. Briefly, an aqueous solution (20 ml) of 10 wt % gelatin (isoeleting GM were washed three times with cold acetone in combination with centrifugation (5000 rpm, 4 °C, 5 min) to completely exclude the residual oil. Then, GM were fractionated by size using sieves with apertures of 32 and 53 μm (Iida Seisakusho Ltd, Osaka, Japan) and air dried at 4 °C. Then, non-crosslinked and dried GM (200 mg) were treated in a vacuum oven at 140 °elatin hydrogel microspheres (GM) were prepared by the chemical crosslinking of gelatin in a water-in-oil emulsion state according to the methOsaka, Japan). The size of 100 microspheres for each sample was measured using the computer program Image J (NIH Inc., Bethesda, USA) to calculate the average diameters.

2.2. Preparation of GM-TGF-β1 {#sec2.2}
-----------------------------

Recombinant human TGF-β1 (R&D Systems, Inc., Minneapolis, USA) was dissolved in double-distilled water (DDW) to give a solution at TGF-β1 concentration of 10, 100, 500, 1000, and 5000 μg/ml. The TGF-β1 solution (20 μl) was dropped into 2 mg of freeze-dried GM, followed by leaving at 37 °C overnight for the impregnation of TGF-β1 into the GM to prepare GM containing TGF-β1 (GM-TGF-β1). GM-TGF-β1 containing 10, 100, 500, 1000, and 5000 μg/ml TGF-β1 were named GM-10TGF-β1, GM-100TGF-β1, GM-500TGF-β1, GM-1000TGF-β1, and GM-5000TGF-β1, respectively. The TGF-β1 solution was completely absorbed into the GM through the impregnation process because the solution volume was much less than theoretically required for the equilibrated swelling of GM.

2.3. Evaluation of *in vitro* TGF-β1 release {#sec2.3}
--------------------------------------------

GM-5000TGF-β1 (2 mg) were incubated in 9.57 mM phosphate-buffered saline solution (PBS, pH 7.4). At each point, the buffer was removed and replaced with fresh PBS. After 24 hr, PBS was replaced with collagenase. TGF-β1 concentrations released from GM were measured using human TGF-β1 ELISA kit (Proteintech Inc., Rosemont, USA).

2.4. Cell culture experiments {#sec2.4}
-----------------------------

WA-hT cells of human small cell carcinoma cell line (RIKEN, Japan) and WA-mFib cells of cancer-associated fibroblasts (CAF) cell line derived WA-hT were cultured in minimum essential medium (MEM) (Sigma--Aldrich Co. LLC. St. Louis, USA) supplemented with 10 vol % fetal calf serum (FCS) (Thermo Inc. Waltham, USA), penicillin (50 U/mL), and streptomycin (50 U/mL) (standard medium) and cultured at 37 °A-hT cells of human small cell carcinoma cell lin.

2.5. Preparation of various CAF aggregates {#sec2.5}
------------------------------------------

A Poly (vinyl alcohol) (PVA) sample (the degree of polymerization = 1800 and the saponification = 88 mol %) kindly supplied from Unichika (Tokyo, Japan) was dissolved in PBS (1 wt %). The PVA solution was added to each well of round-bottomed (U-bottomed) 96-well culture plate (200 μl/well) and incubated at 37° Poly (vinyl alcohol) (PVA) sample (tremoved by aspiration and the wells washed twice with PBS (200 μl/well). GM, various GM-TGF-β1, and CAF suspensions were separately suspended in the standard medium. After the suspensions of GM (2 × 10^3^ microspheres/ml, 100 μl) and various GM-TGF-β1 (2 × 10^3^ microspheres/ml, 100 μl) were prepared, CAF suspensions (2.0 × 10^4^ cells/ml, 100 μl) were mixed. The mixtures were added to the wells coated. As a control group, CAF aggregates incorporating GM by addition of free TGF-β1 solution (5000 μg/ml) into the culture medium were cultured. The addition schedule is followed: 20% of TGF-β1 amount contained in GM was added when the culture was started. After 7 days, 20% of TGF-β1 amount was added on day 7, 8, 9, and 10 for 4 days ([Fig. 2](#fig2){ref-type="fig"}B). In addition, the CAF aggregates were not cultured 10 days later because the amount of TGF-β1 added into the culture medium was higher than that of TGF-β1 contained in GM. The pictures of the various types of CAF aggregates were taken with a microscope (CKX41, Olympus Ltd, Tokyo, Japan). The size of CAF aggregates was measured using the computer program Image J (NIH Inc., Bethesda, USA) to calculate the average diameter. CAF aggregates incorporating GM, GM-10TGF-β1, GM-100TGF-β1, GM-500TGF-β1, GM-1000TGF-β1, and GM-5000TGF-β1 were named CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1, respectively ([Fig. 2](#fig2){ref-type="fig"}A). In addition, CAF-GM by addition of free TGF-β1 solution was named CAF-GM + fTGF-β1.Fig. 2(A) Preparation of CAF aggregates incorporating GM (CAF-GM), CAF aggregates incorporating GM containing various concentrations (10, 100, 500, 1000, and 5000 μg/ml) of TGF-β1 (CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1), and CAF aggregates incorporating GM in the presence of free TGF-β1 (CAF-GM + fTGF-β1) (B) Time schedule of free TGF-β1 solution addition in the culture medium. When the culture was started, 20% of total TGF-β1 amounts was added. After 7 days after incubation, 20% of total amounts was added on day 7, 8, 9, and 10. The total amount of TGF-β1 added was the same as that of TGF-β1 incorporated 10 days after incubation.Fig. 2

2.6. Evaluation of cell number {#sec2.6}
------------------------------

To evaluate the cell number in CAF-GM, various CAF-GM-TGF-β1, and CAF-GM + fTGF-β1, CAF aggregates were taken into a microtube. After their centrifugation, the culture medium was carefully removed and the CAF aggregates were washed with 200 μl of PBS. After removing PBS, 200 μl of collagenase was added and samples were incubated at 37 °C for 30 min to allow to completely degrade GM. Then, 50 μl of 2.5 g/l-trypsin and 1 mmol/l-EDTA solution (Nacali tesque, Inc., Kyoto, Japan) was added and samples were incubated at 37 °C for 30 min while they were pipetted every 5 min to facilitate the dissociation of CAF aggregates. The enzyme action was stopped by the addition of 50 μl of culture medium. The total cell number per cell aggregates was measured.

2.7. Evaluation of α-SMA expression level {#sec2.7}
-----------------------------------------

To evaluate the level of alpha-smooth muscle actin (α-SMA) expression, various types of CAF aggregates were measured by using alpha-smooth muscle actin ELISA kit (NBP2-66429) (Novus Biologicals, LLC, New York, USA). The α-SMA expression level was calculated by dividing the total cell number.

2.8. Invasion assay {#sec2.8}
-------------------

To evaluate the cancer invasion ability by co-culture of cancer cells with various types of CAF aggregates, the cancer invasion assay was performed by using Cytoselect 96 well invasion assay (Cell Biolabs, Inc., San Diego, USA). In brief, 150 μl of CAF aggregates (10 days after incubation) was added (150 μl) into the tubes. The tubes were centrifuged and the supernatant was removed. Then, 800 μg/ml of an MMP inhibitor or standard medium was added (150 μl) to the tubes, and the suspensions were plated to the well of feeder tray. After the membrane chamber was placed into the feeder tray, the cancer cell suspension (100 μl, 2.0 × 10^5^ cells/well in FCS-free medium) was added to the membrane chamber. The samples were incubated for 24 hr. After completely dislodging the cancer cells from the underside of the membrane, the lysis buffer dye solution was added. Then, the fluorescent intensity was measured in a fluorescence spectrometer (F-2000, HITACHI Ltd, Tokyo, Japan) at excitation and emission wavelengths of 480 and 520 nm, respectively. Calculation of cancer invasion rate was followed: $\text{Invasion\ rate} = \frac{Cell\ number\ of\ cancer\ cells\ in\ underside\ of\ the\ membrane}{2.0 \times 10^{5}\text{cells}} \times 100$ Moreover, the culture medium was collected, and then the amount of MMP-2 secreted was measured by total MMP-2 quantikine ELISA kit (MMP200) (R&D Systems, Inc., Minneapolis, USA).

2.9. Statistical analysis {#sec2.9}
-------------------------

All the data were statistically analyzed and expressed as the mean ± the standard error of the mean. The data were analyzed by student t-test or Tukey\'s test to determine the statistically significant difference while the significance was accepted at *p* \< 0.05. Experiments for each sample were performed three wells independently unless otherwise mentioned.

3. Results {#sec3}
==========

3.1. Morphology of GM {#sec3.1}
---------------------

[Fig. 3](#fig3){ref-type="fig"} shows the microscope picture of GM. The GM were spherical and had a smooth surface. The size in the swollen condition ranged 46.5 ± 5.18 μm.Fig. 3A light microscope photograph of GM dispersed in the water. Scale bar; 50 μm.Fig. 3

3.2. Time profile of TGF-β1 release from GM-TGF-β1 {#sec3.2}
--------------------------------------------------

[Fig. 4](#fig4){ref-type="fig"} shows the TGF-β1 release profile from GM-TGF-5000β1. When GM-5000TGF-β1 were incubated into PBS, an initial slow release of TGF-β1 was observed. On the other hand, TGF-β1 was released with time by the addition of collagenase.Fig. 4*In vitro* time profile of TGF-β1 from GM-5000TGF-β1. Collagenase was added into PBS at 24 hr indicated by the arrow.Fig. 4

3.3. Characterization of CAF-GM, CAF-GM-TGF-β1, and CAF-GM + fTGF-β1 {#sec3.3}
--------------------------------------------------------------------

[Fig. 5](#fig5){ref-type="fig"} shows the light microscope pictures of CAF-GM, CAF-GM-TGF-β1, and CAF-GM + fTGF-β1. All types of CAF aggregates were formed 7 days after incubation. The TGF-β1 presence, the TGF-β1 concentrations, and the addition of free TGF-β1 solution did not affect the morphology or size of aggregates ([Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}). In addition, the size of CAF aggregates 15 days after incubation was significantly smaller than that 10 days later.Fig. 5Light microscope photographs of CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1 5, 7, 10, and 15 days after incubation or that of CAF-GM + fTGF-β1 5, 7, and 10 days after incubation. Scale bar; 200 μm.Fig. 5Fig. 6Size of CAF aggregates for CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1 groups 10 (□), and 15 days after incubation (■). ∗*p* \< 0.05; significantly difference between the two groups.Fig. 6

3.4. Cell number in CAF-GM, various types of CAF-GM-TGF-β1, and CAF-GM + fTGF-β1 {#sec3.4}
--------------------------------------------------------------------------------

[Fig. 7](#fig7){ref-type="fig"} shows the cell number for CAF-GM, CAF-GM-TGF-β1, and CAF-GM + fTGF-β1. TGF-β1 presence, the TGF-β1 concentrations, and the addition of free TGF-β1 solution did not affect the cell number. In addition, the cell number 10 days after incubation was significantly higher than that 5 days later.Fig. 7Cell number of CAF aggregates for CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1 groups 5, 10, and 15 days after incubation or CAF-GM + fTGF-β1 5 and 10 days after incubation. ∗*p* \< 0.05; significantly difference against the cell number for the same condition of CAF 5 days before.Fig. 7

3.5. α-SMA expression level of CAF-GM, various types of CAF-GM-TGF-β1, and CAF-GM + fTGF-β1 {#sec3.5}
-------------------------------------------------------------------------------------------

To evaluate the effect of TGF-β1 on the CAF activation, α-SMA expression level was measured 5, 10, and 15 days after incubation ([Fig. 8](#fig8){ref-type="fig"}). There was no significantly different in the α-SMA expression level among all types of CAF 5 days after incubation. However, 10 and 15 days after incubation, the α-SMA expression level for CAF-GM-500TGF-β1 was significantly higher than that for CAF-GM, CAF-GM-10TGF-β1, and CAF-GM-100TGF-β1. Although the α-SMA expression level for CAF-GM-1000TGF-β1 was significantly higher than that for CAF-GM-500TGF-β1, there was no significance difference between the CAF-GM-1000TGF-β1 and CAF-GM-5000TGF-β1. In addition, the α-SMA expression level for CAF-GM + fTGF-β1 was not significantly different from that for CAF-GM, CAF-GM-10TGF-β1, or CAF-GM-100TGF-β1 5 and 10 days after incubation.Fig. 8α-SMA expression level of CAF aggregates for CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1 groups 5, 10, and 15 days after incubation or CAF-GM + fTGF-β1 5 and 10 days after incubation. ∗*p* \< 0.05; significantly difference against the α-SMA expression level for the same condition of CAF 5 days before. ^†^*p* \< 0.05; significantly difference between the two groups.Fig. 8

3.6. Invasion assay {#sec3.6}
-------------------

[Fig. 9](#fig9){ref-type="fig"}A shows that the invasion rate of cancer cells by co-cultured with CAF-GM, various CAF-GM-TGF-β1, and CAF-GM + fTGF-β1. [Fig. 9](#fig9){ref-type="fig"}B shows that the correlation between the invasion rate and α-SMA expression level. The coefficient of determination was about 0.87. In addition, [Fig. 9](#fig9){ref-type="fig"}C shows that the correlation between the invasion rate and the TGF-β1 concentration. The coefficient of determination was about 0.96. [Fig. 10](#fig10){ref-type="fig"} shows that the invasion rate of cancer cells by MMP inhibitor. The invasion rate of cancer cells by co-cultured with CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1 decreased by MMP inhibitor. However, the effect of MMP inhibitor was not observed in CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, and CAF-GM + fTGF-β1. Moreover, secretion level of MMP-2 had an important role in cancer invasion rate ([Fig. 11](#fig11){ref-type="fig"}).Fig. 9(A) Invasion rate of cancer cells by co-cultured with CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, CAF-GM-5000TGF-β1, and CAF-GM + fTGF-β1 groups 1 days after incubation. ∗*p* \< 0.05; significantly difference between the two groups (B) Correlation between the α-SMA expression level and the invasion rate (C) Correlation between the TGF-β1 concentration and the invasion rate.Fig. 9Fig. 10Invasion rate of cancer cells by co-cultured with CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, CAF-GM-5000TGF-β1 groups, and CAF-GM + fTGF-β1 1 days after incubation: culture without (□) or with MMP inhibitor addition (■). ∗*p* \< 0.05; significantly difference between the two groups.Fig. 10Fig. 11Amount of MMP-2 secreted by co-cultured with CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, CAF-GM-5000TGF-β1, and CAF-GM + fTGF-β1 groups 1 days after incubation: culture without (□) and with MMP inhibitor addition (■). ∗*p* \< 0.05; significantly difference between the two groups.Fig. 11

4. Discussion {#sec4}
=============

For the combination with cell aggregates, various microspheres of gelatin \[[@bib11],[@bib57],[@bib58]\], poly (lactic-*co*-glycolic acid) (PLGA) \[[@bib59], [@bib60], [@bib61], [@bib62]\], and alginate \[[@bib63],[@bib64]\] were investigated. Among these materials, in this study, gelatin was used because of the high cell adhesiveness or lower cytotoxicity \[[@bib65], [@bib66], [@bib67]\]. GM used in this study were of 32--53 μm in diameter dehydrothermally crosslinked for 72 hr. Because our previous study demonstrates that GM with this property is good for the purpose of cell aggregates incorporating GM \[[@bib68]\]. In terms of the mixing ratio of cells to GM, 10:1 was selected because this mixing ratio was appropriate to form the cell aggregates incorporating GM \[[@bib11]\]. In addition, in this study, two-dimensional CAF and CAF aggregates without GM were not prepared as controls. Because the biological functions of 2D CAF and CAF aggregates without GM were found to be much lower than that of CAF-GM due to the lower cell--cell contact and rapid cell death, respectively \[[@bib31]\].

In our previous study, proliferation of bone marrow stem cells was improved based on the TGF-β1 controlled release from GM-TGF-β1 \[[@bib28]\]. TGF-β1 slow release from GM-TGF-β1 can enhance cell activity or functions. However, the effect of the TGF-β1 controlled release from GM-TGF-β1 on the CAF functions has not been studied. From the TGF-β1 release profile, about 20% of TGF-β1 total amount was initially released from GM-TGF-β1 in PBS. Our previous studies revealed that TGF-β1 could be controlled release from GM \[[@bib28]\]. By the addition of collagenase, TGF-β1 was released with time. It is likely that TGF-β1 was released as the gelatin degradation of GM by collagenase. In addition, the TGF-β1 concentration did not affect the drug release profile (data not shown). The number of gelatin molecules would be large enough to molecularly associate with TGF-β1.

To claim the advantageous effect of TGF-β1 release "inside" CAF aggregates, free TGF-β1 solution was daily added into the CAF-GM culture medium. To this end, it is important to determine the addition schedule considering the release profile. From [Fig. 4](#fig4){ref-type="fig"} and 20% of total TGF-β1 amount contained was initially released in PBS, followed by the controlled TGF-β1 release as the result of GM degradation with time was observed. Based on the release profile, at the starting point of culture, 20% of total TGF-β1 amount was added into the culture medium. After CAF-GM were formed (7 days), 20% of total TGF-β1 amount was added every day ([Fig. 2](#fig2){ref-type="fig"}B). It has been reported that cell aggregates produce the enzyme, cytokine, or chemokine much more efficiently than non-aggregated cells \[[@bib15],[@bib16],[@bib18]\]. At 10 days, the amount of free TGF-β1 solution is the same as that of TGF-β1 contained. We can say with certainty that the total amount of TGF-β1 solution is not lower than that of TGF-β1 released from GM-TGF-β1. Taken together, we could evaluate the effect of TGF-β1 released in CAF aggregates 10 days after incubation. It is no doubt that the time schedule of TGF-β1 addition does not always simulate that of TGF-β1 released from GM-TGF-β1.

It is apparent from [Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"}, the TGF-β1 present, TGF-β1 concentrations, and the addition of free TGF-β1 solution did not affect the morphology, size, and cell number. Although the reason is not clear at present, our previous study suggests that the characterization of GM did not affect these parameters \[[@bib11],[@bib68]\]. The size of CAF aggregates 15 days after incubation was smaller than that 10 days because of the GM degradation ([Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}). Our previous study demonstrates that the GM degradation led to a decrease in the size of cell aggregates and biological functions of cell aggregates \[[@bib11]\]. Based on the reasons, in this study, CAF aggregates were cultured until 15 days.

α-SMA is one of the most important markers for CAF. When the α-SMA level of CAF is high, it is experimentally characterized as CAF activation \[[@bib41],[@bib69],[@bib70]\]. The α-SMA expression level 5 days after incubation was not significantly different. However, 10 and 15 days after incubation, the α-SMA expression level of CAF-GM-500TGF-β1 was significantly different from that of CAF-GM, CAF-GM-10TGF-β1, and CAF-GM-100TGF-β1 ([Fig. 8](#fig8){ref-type="fig"}). In addition, the α-SMA expression level of CAF-GM-1000TGF-β1 and CAF-GM-5000TGF-β1 was much higher than that of CAF-GM-500TGF-β1. The findings clearly indicates that TGF-β1 was effective in CAF activation. However, there is no significant difference in α-SMA expression level between CAF-GM-1000TGF-β1 and CAF-GM-5000TGF-β1. There would be due to an upper limitation in the CAF activation. Therefore, more than 5000 μg/ml of TGF-β1 concentration was not used to evaluate in this study. It is interesting that the addition of free TGF-β1 solution did not enable CAF to activate although the amount of TGF-β1 is the same or higher than that of TGF-β1 released. It is highly possible to say that the TGF-β1 release "in" CAF aggregates had a positive effect on activating CAF. This is because that the TGF-β1 is closely and uniformly released and exposed to cells.

[Fig. 9](#fig9){ref-type="fig"}A shows the cancer invasion after co-cultured of cancer cells with CAF-GM, various CAF-GM-TGF-β1, and CAF-GM + fTGF-β1. There was a good correlation between the α-SMA expression level and cancer invasion rate ([Fig. 9](#fig9){ref-type="fig"}B). We have designed a novel cancer invasion model using CAF aggregates incorporating GM containing a p53 inhibitor. This model was a promising tool for evaluating the cancer invasion *in vitro.* However, the cancer invasion rate did not become higher with an increasing drug concentration. It is reported that on a high drug concentration, the cancer invasion rate was significantly higher than that on lower concentrations \[[@bib31]\]. For further research of cancer invasion or metastasis, cancer invasion model where invasion rate can be regulated should be developed. It is apparent from [Fig. 9](#fig9){ref-type="fig"}C this cancer invasion model of CAF aggregates incorporating GM-TGF-β1 can regulate the extent of the cancer invasion by simply changing the TGF-β1 concentration contained in GM. In addition, the MMP inhibitor treatment significantly decreased the invasion rate. Moreover, the secretion level of MMP-2 had an important role in the high cancer invasion rate ([Fig. 11](#fig11){ref-type="fig"}). Among the MMP, MMP-2 and 9 are essential to degrade the basement membrane. In this model, the secretion level of MMP-9 was not observed (data not shown). In this study, cancer cells would invade via the MMP-2 system *in vitro*. In the *in vivo* system, the cancer invasion via MMP is well known as a standard characterization ([Fig. 1](#fig1){ref-type="fig"}). Therefore, we designed a model to simulate the cancer invasion. By the addition of free TGF-β1, the cancer invasion rate did not change, irrespective of the TGF-β1 concentrations ([Fig. 12](#fig12){ref-type="fig"}). Again, this finding indicates the importance to release TGF-β1 in CAF aggregates for an efficient CAF activation and the consequent regulated tumor invasion phenomenon.Fig. 12Invasion rate of cancer cells by co-cultured with CAF-GM, CAF-GM by addition of 10, 100, 500, 1000, and 5000 μg/ml TGF-β1 solution.Fig. 12

5. Conclusions {#sec5}
==============

This model may be a useful tool to evaluate the difference in cancer invasion ability or therapeutic efficacy *in vitro*. As one experimental strategy to mimic the body environment, it would be important not only to achieve a 3D cell culture, but also to allow the growth factors to act on the cells. This study is the first report to design the cancer invasion model where the cancer invasion rate can be modified *in vitro* based on a combined 3D cell aggregates and growth factor release systems.
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